At issue in the present series of experiments was the ability to prospectively perceive the action-relevant properties of hand-held tools by means of dynamic touch. In Experiment 1, participants judged object move-ability. In Experiment 2, participants judged how difficult an object would be to hold if held horizontally, and in Experiments 3 and 4, participants rated how fast objects could be rotated. In each experiment, the first and second moments of mass distribution of the objects were systematically varied. Manipulations of wielding speed and orientation during restricted exploration revealed perception to be constrained by (a) the moments of mass distribution of the hand-tool system, (b) the qualities of exploratory wielding movements, and (c) the intention to perceive each specific property. The results are considered in the context of the ecological theory of dynamic touch. Implications for accounts of the informational basis of dynamic touch and for the development of a theory of haptically perceiving the affordance properties of tools are discussed.
When an object is held, hefted, or wielded, it imparts resistive forces on the body; these forces in turn affect the body's structures and tissues. A particular form of haptic perception, termed dynamic touch (Gibson, 1966; Turvey & Carello, 1995) or kinesthesis, is implicated whenever mechanical contact affects the tensile states of muscles, tendons, and fascia, and in turn patterns the ensemble activity of mechanoreceptors (Fonseca & Turvey, 2006) . Research into dynamic touch has revealed that action-relevant properties of everyday objects can be perceived through simple mechanical interactions (Bingham, Schmidt, & Rosenblum, 1989; Solomon & Turvey, 1988; Wagman & Carello, 2001) . In contrast to the properties of an object (e.g., length, shape, and heaviness), action-relevant properties denote properties defined over the organism-tool system specific to the performance of a goaldirected action. For example, when given the opportunity to heft a ball in one hand, it is possible to get an appreciation of how far that ball could be thrown (Bingham et al., 1989) . Motivated by previous investigations, we designed experiments to evaluate specific hypotheses regarding how action-relevant properties, perceived by means of dynamic touch, are affected (a) by the physical properties of the objects and (b) by the manner in which the objects are wielded.
The Informational Basis of Dynamic Touch
From an ecological perspective (Gibson, 1979; Michaels & Carello, 1981; Turvey, Shaw, Reed, & Mace, 1981) , haptically perceiving the properties of hand-held tools through dynamic touch is dependent upon the pickup of information carried in tissue-deformation arrays (Fitzpatrick, Carello, & Turvey, 1994; Solomon, 1988) . When wielding a tool about the shoulder, it is necessarily true that the mechanics 1 of both the wielding arm and the wielded tool will structure the patterning of stresses and strains imposed upon the tissues of the body. Consequently, it has been suggested that the information underlying dynamic touch is the functional embodiment of the rotational dynamics that physically describe the body-tool system (Kugler & Turvey, 1987; Solomon, Turvey, & Burton, 1989b; Turvey, 1996) . The search for haptic perceptual invariants specifying action-relevant properties of tools has focused upon identifying the invariants of the mechanics hypothesized to be implicated in dynamic touch. Kingma, Beek, and van Dieën (2002) introduced a simple physical model of the mechanics operating in a hand-object system. The model relates the basic physical properties of a held object (its moments of mass distribution) to the muscular forces required to control that object. In this model it is assumed that point masses m are attached to a mass-less rod at distances d from a mass-less hand. The neuromuscular torque (N m ) acting at the hand in such a system can be represented as
where ␣ is the angular acceleration of the wielded object, g is the gravitational acceleration, is the angle of the rod with respect to the gravitational vertical, and M and I 1 are invariants of the mechanics of the hand-rod system. In the four experiments presented in this article, participants wielded objects that had two attached masses (see Figure 1) ; applying a simple variant of the model above, we have one mass (m 1 ) located at a distance (d 1 ) above the point of rotation and a second mass (m 2 ) located at a distance (d 2 ) below the point of rotation. In this system M is the first moment of mass distribution and is captured by
and I 1 , the principle component of the second moment of mass distribution (I), is captured by
On the basis of Equations 1, 2, and 3, it is possible to capture the torques acting in this system as
where the first term on the right side of the equation is inertial torque (N i ) and the second term is the gravitational torque (N g ). The terms m, M, and I are each mechanical invariants of this system and are more commonly referred to as the zeroth, first, and second moments of mass distribution, respectively. Consistent with the model above, research has implicated the zeroth, first, and second moments of mass distribution in haptic perceptual judgments of both geometric (length and shape) and kinetic (heaviness) object properties (Amazeen & Turvey, 1996; Burton, Turvey, & Solomon, 1990; Turvey, Burton, Amazeen, Butwill, & Carello, 1998; Turvey, Carello, Fitzpatrick, Pagano, & Kadar, 1996) . The potential for these mechanical invariants to provide an informational basis for perceiving object properties can be illustrated through an analysis of haptically perceiving object length. For a homogeneous rod in which an increase in length (L) is linearly related to an increase in mass (m)-that is, L ϰ m-it is apparent from Equation 2 that L ϰ M 1/2 , and from Equation 3 that L ϰ I 1/3 . Consistent with this analysis, studies using rods with attached masses as stimuli (used to dissociate L and m) have suggested that the second moment is implicated in length perception. Moreover, these studies have shown judgments to be scaled with I with a power of one third, as Equation 3 predicts (Solomon & Turvey, 1988; Solomon, Turvey, & Burton, 1989a) .
A basic assumption of the approach just outlined is that the mechanics of the body-tool system underwrite dynamic touch by lawfully constraining the patterning of stresses and strains over the neuromuscular system. In the present series of studies we build upon this assumption. We used Equation 4 to generate hypotheses regarding the haptic informational basis of perceiving actionrelevant properties.
The Role of Exploration in the Pickup of Information
Perception is an active process, accompanied by a rich repertoire of movements that facilitate the pickup of information (Gibson, 1962 (Gibson, , 1966 (Gibson, , 1979 . Studies of the manual manipulation of objects reveal that when given the task to perceive specific object properties (e.g., rigidity, shape, and weight), specific classes of haptic exploratory movements (e.g., pressing, contour following, and hefting) are typically used (Lederman & Klatzky, 1987) . In the case of dynamic touch, exploratory wielding movements are also constrained by the intention to perceive a particular object property (Riley, Wagman, Santana, Carello, & Turvey, 2002) or actionrelevant property (Michaels, Weier, & Harrison, 2007) . Michaels et al. (2007) observed that wielding patterns varied as a function of the intention to perceive a given action-relevant property. For example, the intentions to perceive either how far a ball might be hit with a bat or how effective a hammer might be yielded exploratory movements performed at high speed with a large degree of travel. In contrast, exploration of objects for use as pokers or scoops yielded comparably slower motions with a narrower range of exploration. Additionally, Riley et al. (2002) observed that the intention to perceive either the length of an object or its width resulted in task-specific wielding dynamics as indexed by changes of temporal (recurrent) structure.
The research above shows that exploratory movement is constrained by task; nevertheless, wielding kinematics for a particular task show remarkable variety. Length-perception studies reveal that judgments are unaffected by whether an object is wielded slowly or quickly (Solomon & Turvey, 1988, Experiment 4) or whether it is wielded about the shoulder, the elbow, or with the full range of motion of the arm (Pagano, Fitzpatrick, & Turvey, 1993) . Moreover, judgments appear to be unaffected by the particular muscular synergies adopted, such as those resulting from using an overhand or underhand grip to wield the object (Solomon et al., 1989a) or even whether object exploration is achieved by wielding with the wrist or the ankle (Hajnal, Fonseca, Harrison, KinsellaShaw, & Carello, 2007) . These results suggest a remarkable redundancy in the exploratory actions capable of revealing the length of a wielded object. There is, however, less consensus regarding the influence of the gravitational field on haptic perception: Some empirical results showed that orientation of wielding does not influence length perception (Solomon & Turvey, 1988 , Experiment 3), whereas follow-up studies by the same group of researchers (Solomon et al., 1989a, Experiment 2) have shown an effect of orientation.
Building upon the original paradigm of Solomon and Turvey, more recent studies have begun to systematically manipulate the zeroth, first, and second moments of mass distribution of experimental stimuli, demonstrating the implication of each moment independently (Kingma, van de Langenberg, & Beek, 2004; van de Langenberg, Kingma, & Beek, 2006 , 2007 . In contrast to the studies that have suggested that haptically perceiving length is independent of the specifics of exploration (Solomon & Turvey, 1988) , these investigations have shown that the informational basis for perceived length is affected by how an object is wielded. When objects are only vertically translated (normal-to-the-ground plane), only the zeroth moment of mass distribution (m) is implicated (Lederman, Ganeshan, & Ellis, 1996; van de Langenberg et al., 2006) ; whereas, when objects are held still in a horizontal orientation (parallel to the ground), perceived length depends on the first moment of mass distribution Carello, Fitzpatrick, Domaniewicz, Chan, & Turvey, 1992; Kingma et al., 2004; van de Langenberg et al., 2006) .
Further dependencies have been uncovered in studies in which participants were asked to actively explore (rotationally accelerate) objects by freely wielding them about the wrist joint. Given such exploration, the second moment of mass distribution is also implicated. When such "free" wielding about the wrist is restricted to sideward wielding (about an initially horizontal orientation), both M and I in combination influence judgments Kingma et al., 2004) . Comparatively, I, M, and m all appear to play roles in length perception when initially vertically aligned objects are actively wielded (van de Langenberg et al., 2006) . Complicating the interpretation of this literature is the fact that not all studies independently manipulated the moments of mass distribution of the experimental stimuli. It should be noted, therefore, that some of the differences among the aforementioned results may be attributable to covariation, as opposed to the independent variation, of mechanical invariants (see Kingma et al., 2004) .
In each of the preceding examples, it is clear that the implication of a particular moment of mass distribution depends upon the style of object exploration brought to bear. Interpreting the model presented in Equation 1, Kingma and colleagues (Kingma et al., 2002 (Kingma et al., , 2004 suggested that changes in the style of exploration could be conceived of as changes in mechanical context affecting the salience of particular invariants. Central to this account is the assumption that N m plays an important role in the theory of the informational basis of dynamic touch. From Equation 1 we see that when a rod is held "still" in a horizontal orientation N m (and consequently the patterning of stresses and strains on the body) is determined by variation in M; accordingly, M appears to be uniquely implicated in judgments of length. Similarly, as an object is accelerated away from a vertical orientation, both inertial and static torque is generated, and both M and I are co-implicated. Kingma and colleagues suggested that the implication of either M or I depends upon the respective contributions (signal-noise ratios) of N g and N i to N m in a particular mechanical context (i.e., specific values for and ␣). For example, in the absence of substantial acceleration in exploratory movements, the static torques contributing to N m will generally be greater than will the inertial torques. In this example the role of M is said to be more "salient" in the stimulus flow (Kingma et al., 2004) . Careful inspection of Equation 1 further suggests that the salience of M and I will be influenced by both and ␣ such that greater acceleration will increase the salience of I and decrease the salience of M, whereas, wielding away from the vertical orientation will increase the salience of M and decrease the salience of I.
Perceiving Action-Relevant Properties of Hand-Held Tools
In the original paradigm of Solomon and Turvey (1988) , the initial motivation was the development of an account of the informational basis for perceiving the potential of a hand-held implement (a tool) to extend the functional reach of the actor. Simply put, they were interested in understanding the informational basis of perceiving affordances (Gibson, 1979) . In this section we summarize research that has led to insights into how an affordancebased perspective on dynamic touch might progress.
Research into heaviness perception has implicated each of the zeroth, first, and second moments of mass distribution (Kingma et al., 2004) . The observation that objects feel lighter when the principal moments of the second moment of mass distribution are more nearly equal has led to the proposal that specific combinations of the principal moments form the relevant mechanical invariant (Amazeen & Turvey, 1996) . The principal moments I 1 , I 2 , and I 3 capture an object's resistance to angular acceleration about each of its three axes of rotation.
2 Instantiated geometrically, the principle moments form an inertia ellipsoid. Two compound properties derived from the inertia ellipsoid are ellipsoid volume (V) and symmetry (S), where V ϭ 4 /3(I 1 I 2 I 3 ) -1/2 , and S ϭ 2 I 3 /(I 1 ϩ I 2 ). Studies using objects varying in I 1 , I 2 , and I 3 have revealed that heaviness perception is a function of S and V in combination with m (Shockley, Grocki, Carello, & Turvey, 2001 ). The experimental demonstration of haptic metamers (see Shockley, Carello, & Turvey, 2004; Turvey, Shockley, & Carello, 1999) provides compelling support for this claim. Carello (2004) suggested intuitive analogues to V and S, proposing that V is related to the mean level of torque needed to move an object, and S is related to how that torque should be directed. The implication drawn from such mappings is that heaviness is more usefully understood as controllability (Carello, 2004; Wagman & Carello, 2001) or move-ability (Shockley et al., 2004; Turvey, Whitmyer, & Shockley, 2001) . In this approach, the question of "how heavy" equates perceptually with the actionrelevant property of how easily a particular object can be moved or manipulated.
Following Carello (2004) , in the present series of experiments, we did not ask participants to rate properties of the object as such but instead asked them to judge action-relevant properties of the body-tool system of the kind suggested by terms such as control-lability. In Experiment 1, participants judged how difficult each object was to move. In Experiment 2, participants judged how difficult it would be to hold an object if it were to be oriented horizontally, and in Experiments 3 and 4, participants rated how quickly they would be able to move each object by using a particular manner of movement.
Previous investigations into the perception of affordances through dynamic touch have focused on the perception of the properties of hand-held tools that inform the control of action (Carello, Thuot, Anderson, & Turvey, 1999; Hove, Riley, & Shockley, 2006; Michaels et al., 2007; Wagman & Carello, 2001 , 2003 Wagman & Taylor, 2004) . Importantly, such investigations have revealed that although perception is frequently constrained by simple geometric properties (such as the length of a body segment or object), it is also dependent upon both the kinematic and kinetic characteristics of the tool-body system (Bongers, Michaels, & Smitsman, 2004; Carello, Grosofsky, Reichel, & Solomon, 1989; Kreifeldt & Chuang, 1979) .
Probing the Informational Basis for Perceiving ActionRelevant Properties
To recap, the current investigation focuses upon (a) the haptic informational basis of affordances and (b) the qualities of exploratory activities that allow for the pickup of such information through dynamic touch. Four experiments are presented. In each experiment, participants wielded objects and were asked to give verbal reports. Wielding was constrained to one of three wielding orientations, and participants rated each object property on the basis of their limited exploration in that orientation. The presented experiments consequently address a basic functional prerequisite of adaptive tool use, specifically the ability to prospectively perceive an action-relevant property of a tool following limited exploration. In each of our experiments, we expected that perception by dynamic touch would be (a) tied to invariant properties of the mechanics of the body-tool system and (b) dependent upon the mechanical context in which the wielded objects were explored. To probe this latter expectation, we recorded exploratory movements in Experiments 1-3 and directly manipulated wielding speed in Experiment 4. The movement analysis is reported only for experiments in which it was used to evaluate specific hypotheses.
On the basis of prior research, we hypothesized that exploration would vary as a function of the intention to perceive each particular action-relevant property. We also hypothesized that the mechanical invariants implicated in judging a particular property would be systematically constrained by the manner of exploration.
Consistent with the methods of independent variation of mechanical invariants developed by Kingma and colleagues, participants in each experiment wielded objects taken from two specially designed stimulus sets (Set 1 and Set 2; for object properties see Table 1 ). In each set, objects varied only with respect to a single moment of mass distribution. The physical characteristics of objects in Set 1 varied only in first moment of mass distribution, whereas the objects in Set 2 varied only in second moment of mass distribution. The zeroth moment of mass distribution was held constant in both sets.
Experiment 1: Perceiving Move-Ability by Dynamic Touch
Experiment 1 addressed the informational basis of haptically perceiving how difficult it is to move a hand-held object. If, as has been previously suggested (Carello, 2004; Turvey et al., 2001 ), judgments of move-ability can be equated with judgments of heaviness, then both the first and second moments of mass distribution (both previously implicated in heaviness perception), should constrain judgments. To avoid problems in interpretation of results due to covariation among moments of mass distribution, two groups of participants wielded objects that varied in either the first (Set 1) or second moment (Set 2) of mass distribution (see Table 1 ) and rated how difficult to move they perceived each object to be. The stimuli were well suited to test whether M and I (a) form the informational basis for move-ability judgments and (b) can support perception in the absence of covariation with the other.
To probe the hypothesized connection between exploratory context and the roles of I and M, participants actively wielded handheld objects in one of three orientations (vertically oriented, VO; diagonally oriented, DO; or horizontally oriented, HO). Following prior claims that the relative implication of either M or I depends upon the respective contributions (signal-noise ratios) of N g and N i to N m (Kingma et al., 2004) , we expected that the implication of both M and I would be affected by the experimental manipulation of orientation. On the basis of an examination of the consequences of changing in Equation 4, we hypothesized that (a) the ability to detect changes in move-ability arising because of variation in M (Set 1) would be compromised in the vertical (least salient) orientation in which N g makes a minimal contribution to N m and (b) the ability to detect changes in move-ability arising because of variation in I (Set 2) would be compromised in the horizontal orientation because the relative contribution to N m of the term with I is minimal.
Method
Participants. Twelve University of Connecticut students were recruited for the experiment. Six participants wielded objects from Set 1, and 6 others wielded objects from Set 2. The participants received experimental credits as part of a requirement for an Introductory Psychology class. Participants were naïve to the purpose of the experiment. All participants gave their consent in accordance with the University of Connecticut's Internal Review Board's regulations for studies with human participants. The motion recording of 1 participant in the first moment variation group was lost because of a file becoming corrupted and was omitted from the reported motion analysis.
Apparatus and stimuli. Figure 1 shows the experimental set-up. The apparatus was designed to constrain the act of wielding, restricting the manner in which each object could be explored. Once attached to the apparatus, each object could be grasped and freely rotated about a lubricated (low friction) axle. The apparatus had three notable properties: (a) all exploratory wielding motions were rotations; (b) the weight of the objects was supported at all times such that the stresses and strains imparted at the point of rotation were solely a function of changes in net torque at the axis of rotation; and (c) I was effectively simplified to I 1 (the object's resistance to rotation about its principle axis). Given these constraints, Equation 1 provides a good approximation of the mechanical constraints operating in the experimental system.
Participants were seated in a manner that allowed them to comfortably wield the objects. A writing chair modified to have an armrest attached to its right side was positioned in front of an opaque screen. The screen occluded the participant's view of both the experimental objects and the experimenter. A 12-cm-diameter hole in the screen allowed participants to take hold of the object currently attached to the axle. Behind the screen a simple wooden structure provided a base, supporting the axle that held the experimental stimuli. A second cut-out in the screen allowed the end of a lightweight dowel, attached to each object, to be visible to the participant. Using the dowel, participants could visually control the orientation of the occluded object during a trial. Three 0.7-mlong strips of red electrical tape were placed on the screen (thick black lines in inset panel of Figure 1 ). These strips identified specific starting orientations used to manipulate the orientation of wielding during the experiment. Four 0.6-m-long strips of yellow electrical tape (thin white lines in the inset panel of Figure 1 ) identified a range of Ϯ22.5°around each starting orientation.
Twelve objects in total were used in the experiment. The base of each object was a wooden dowel, 1.22 m in length, 1.28 cm in diameter, and with a mass of 0.1 kg. A lightweight hollow T-shaped PVC piping joint was used to connect the rod to the lubricated axle. It also functioned as a handle for the participants to grasp. A second PVC joint, attached 14 cm above the axis of rotation, held the dowel used to identify object orientation to participants. Nylon weights were used to add 0.4 kg of additional weight at different locations along the shaft of each rod. The particular placement of these nylon weights was used to manipulate each objects mass distribution. The resulting objects could all potentially have been freely wielded. Two sets of objects were constructed. The design of each object is summarized in Table 1 . Set 1 was made up of Objects 1-5 (I constant and M varying), and Set 2 was made up of Objects 6 -10 (M constant and I varying). Objects 3 and 8 were identically constructed so that one could be used as a standard object and the other as a test object. This avoided the possibility that these objects could be "recognized" as the standard. Once attached, all objects were bottom heavy and naturally tended toward a vertical orientation.
Wielding motions were recorded (at a sampling rate of 60 Hz) with a FASTRAK motion-capture system (Polhemus Corporation, Colchester, Vermont) and were processed with 6-D Research System software (Skill Technologies Inc., Phoenix, Arizona). Two motion sensors were used to record the rotation of the object about the fixed axis. The recordings were used to calculate time series of orientation of exploration, exploratory accelerations, and gravitational torque (N g ). For each trial, mean values of these time series were calculated. In the case of exploratory accelerations the mean absolute values of the time series were also computed.
Maximum grip strength was also recorded for each participant as a simple way to obtain a measure of individual differences in action capabilities. Three consecutive measures were taken using a Jamar hand-held dynamometer (Preston Corporation, Ontario, Canada) at both the start and end of the experiment.
Procedure. On each trial, participants were asked to verbally rate how difficult to move they perceived each test object to be. Test objects were rated by comparison with a standard object, after participants had wielded both consecutively. A rating scale was used, with the standard object assigned to be "100." All judgments of test objects were made in relation to this baseline. For example, a test object that was perceived to be half as difficult to move as was the standard object was rated as "50," and a test object that was perceived to be twice as difficult to move as was the standard was rated as "200." On a given trial, participants explored the standard object followed by one of the test objects.
The starting orientation and angular range of exploration were carefully controlled for both the standard and test objects. Before the start of each trial the experimenter supported the object in a particular starting orientation (0°, 45°, and 90°). For the standard object this was always 45°. Participants then grasped the handle and took hold of the object by rotating it free of the experimenter's support. Aided by the sight of the dowel protruding from the screen and the markings on the screen, participants attempted to keep their exploratory movements within Ϯ22.5°from the starting orientation. Participants were free to explore the object in any manner that they deemed appropriate, as long as the orientation of the object remained within the designated range. In Figure 1 , the participant is engaged in a vertically oriented trial, wielding the object in an initially 90°orientation, in the range 67.5°-112.5°. When participants had a "feel" for how difficult to move an object was, they returned the object to the starting orientation where the experimenter took it from them. In all trials, participants wielded the standard object in a diagonal orientation (45°Ϯ 22.5°). Experimental objects were explored in horizontal (0°Ϯ 22.5°), diagonal (45°Ϯ 22.5°), and vertical (90°Ϯ 22.5°) orientations.
Exploratory movements were recorded for both the standard object and test objects. Recording started when participants initially grasped the object and concluded either when they reported having a feel for the object or when they made a judgment.
Each individual participated in a total of 45 trials, receiving each of the five test objects three times in each orientation. Presentation of trials was fully randomized. The experiment lasted approximately 45 min.
Results and Discussion
Ratings of how difficult to move were analyzed through separate repeated measures analyses of variance (ANOVA). The separate analyses were performed on the ratings of the two groups of participants assigned to wield objects from either Set 1 or Set 2. A 3 (orientation) ϫ 5 (object) ANOVA for the Set 1 group showed that both variation in M over the objects in the set, F(4, 28) ϭ 7.62, p Ͻ .001, p 2 ϭ .52, and the orientation of exploration, F(2, 14) ϭ 7.32, p Ͻ .01, p 2 ϭ .51, had significant effects. The effects of orientation and object interacted, F(8, 56) ϭ 3.77, p Ͻ .01, p 2 ϭ .35, such that ratings increased as a function of both increasing M and increase in tendency of objects to be wielded horizontally (see Figure 2 , left panel). An identical ANOVA that was performed for the Set 2 group showed no effect of variation of I over objects. The analysis again revealed an effect of orientation, F(2, 10) ϭ 107.83, p Ͻ .001, p 2 ϭ .96, and no interaction was observed (see Figure 2 , right panel). For both the analysis of the Set 1 and Set 2 groups, post hoc pairwise comparisons with Bonferroni corrections revealed that ratings in all orientations differed from one another significantly ( p Ͻ .05). These results indicate that I was not implicated in participants' ratings and that the implication of M on participant's ratings explicitly depended upon the orientation of exploration.
On the basis of these results, we reject the hypothesis that specific mechanical invariants (namely, I and M) would be implicated in the task of rating move-ability. We concluded that haptic judgments of move-ability were not based on a property invariant over orientation of exploration but were instead based upon a variant property of the hand-object system that depended upon orientation of exploration.
Orientation-dependent effects have been previously reported: Investigations of object-length perception by static holding have implicated the mechanical invariant M (invariant over orientation) in combination with the property N g (dependent upon orientation) when orientation has been manipulated (Carello et al., 1992; Lederman et al., 1996) . On the basis of the strong and systematic effect of orientation and M in the present experiment, we investigated whether changes in N g over the experimental conditions would explain the observed results. To explore this possibility, we performed a regression analysis between perceived move-ability and M, I, and N g , respectively. A regression analysis including all objects from both object sets revealed that very little variance in move-ability ratings was explained by either I (r 2 ϭ .003, p ϭ .514), or M (r 2 ϭ .190, p Ͻ .001). In contrast, N g accounted for most of the variance in judgments (r 2 ϭ .824, p Ͻ .001). The results indicate that judgments of move-ability depended upon N g . Although N g is not a mechanical invariant, it is implicated in Equation 4 and is therefore consistent with the general expectation that haptic perception of the action-relevant properties of tools by dynamic touch is constrained by the mechanics of the body-tool system. According to Equation 1, not only were participants' judgments dependent upon N g , but on the basis of the absence of an effect of I, they were quite notably independent of N i . This suggests that the haptic perceptual system of dynamic touch can, in effect, parse out the independent contributions of N i and N g out of N m .
In Experiment 1 we assumed (on the basis of previous findings) that perceived heaviness (an invariant property of the object) could be equated with perceived move-ability. The current results, implicating N g , suggest one of two possibilities: either (a) participants were unable to detect M or I (a possibility, given the tight constraints placed upon exploratory movements) and instead based their judgments on the "best" alternative, namely, N g ; or (b) the property they were in fact judging was not functionally equivalent to object heaviness (where heaviness is equated with object weight, a physical property of the object that is invariant over orientation). With regard to this latter possibility, we hypothesized that participants could have been judging how difficult to move each object was in the local context of exploration. The local context of exploration is operationally defined here as exploration confined to a specific initial orientation Ϯ22.5°. More generally, in relation to developing an account of dynamic touch, we would suggest that this term refers to the context of restricted possibilities for exploration facilitating the pick-up of invariant information. Because the studies that had previously equated move-ability with heaviness did not constrain exploration, in Experiment 2 we investigated the possibility that the intention was underspecified in the instructions given to participants in Experiment 1.
Experiment 2: Perceiving How Difficult to Hold
From Experiment 1 we concluded that the haptic perception of how difficult to move was not perceived invariantly over orientation of exploration. This result raised the issue of whether it is possible to perceive action-relevant properties of objects independently of orientation of exploration, when objects are wielded as is experimental apparatus used in Experiment 1. To explicitly test that scenario, participants in Experiment 2 again explored experimental objects in three orientations, but did so while attempting to perceive how difficult each object would be to hold if it were oriented horizontally. In other words, participants were explicitly asked to judge a basic functional property of an object that was independent of the orientation of exploration, namely, if one were to orient an object horizontally, how difficult would it be to hold.
From Equation 4 we can see that for an object held still (␣ ϭ 0) and horizontally ( ϭ 90°), the resultant N m is determined by M. We consequently hypothesized that the informational basis for this task is constrained by variation in M. Repeating our initial hypothesis from Experiment 1, we predicted that if breaks in the hypothesized invariance were to occur, it would be most likely in the vertical orientation. To directly assess this hypothesis, we had a single group of participants wield objects that varied in first moment (Set 1) of mass distribution and rated how difficult they perceived it would be to hold each object in a horizontal orientation.
Method
Participants. Eight University of Connecticut students were recruited for Experiment 2. All participants wielded objects from Set 1. Participant recruitment mirrored that of Experiment 1.
Apparatus and stimuli. Only object Set 1 was used; otherwise, the apparatus and experimental set-up was identical to that of Experiment 1.
Procedure. With the exception of a change in task, all procedures followed the protocol outlined for Experiment 1. Participants again wielded standard objects in a diagonal orientation, and test objects were explored in either horizontal orientation (HO), diagonal orientation (DO), or vertical (VO) orientation.
Results and Discussion
A repeated-measures ANOVA was performed on ratings of how difficult to hold horizontally. A 3 (orientation) ϫ 5 (object) ANOVA showed significant effects of variation in object M, F(4, 28) ϭ 45.94, p Ͻ .001, p 2 ϭ .87, and orientation of exploration, F(2, 14) ϭ 35.54, p Ͻ .001, p 2 ϭ .84; and an interaction effect of orientation and object, F(8, 56) ϭ 15.63, p Ͻ .001, p 2 ϭ .69. A post hoc pairwise comparison with a Bonferroni correction for multiple comparisons revealed that ratings for the VO differed from those for the DO and HO ( p Ͻ .05), whereas DO and HO were not significantly different (see Figure 3) . A simple effect of object was found in all three orientations. As might be expected from inspection of Figure 3 , the simple effect of object was more pronounced in the horizontal, F(4, 20) ϭ 38.98, p Ͻ .001, and diagonal, F(4, 20) ϭ 53.85, p Ͻ .001, orientations than in the vertical orientation, F(4, 20) ϭ 13.47, p Ͻ .001.
Similar to that found in Experiment 1, the reliance of judgments on M was found to be influenced by orientation of exploration. In contrast to Experiment 1, ratings were not found to explicitly depend on orientation; instead a conditional dependency (namely, whether or not the object was wielded vertically) was suggested. Consistent with our analysis of the mechanics, these results appear to implicate M, but did so consistently only under conditions in which the objects are wielded away from a vertical orientation. One interpretation is that in this orientation, M has low salience as a result of the low signal-noise ratio of N g (Kingma et al., 2004) , and as such it fails to "adequately" constrain (structure) the haptic stimulus array in vertically oriented wielding. This interpretation is reinforced by the observation that ratings in the vertical orientation were (a) consistently lower, suggesting that the contribution of M was less intense, or (b) less influenced by changes in M, suggesting that M is more difficult to detect around the vertical, leading, in turn, to poorer differentiation among objects. It is possible that I (which was the same for all objects in this set), in combination with M, was the basis of these judgments. 3 In either case the observed conditional dependency is consistent with prior observations of a decrease in the salience of M when objects are wielded vertically.
Last, these results appear to support our prediction that the instructions provided to participants in Experiment 1 led them to rate move-ability in terms of how difficult it was to move the object in the local context of exploration.
Experiment 3: Perceiving How Fast an Object Can Be Moved
In Experiment 3, a third task was considered, in which we predicted that both M and I would be implicated. The basic task presented to participants was that of rating how fast an object could be rotated. To avoid a repeat of Experiment 1, we elaborated on this basic task so that an invariant object property was specified in the instructions. Participants were asked to rate how fast an object could be rotated past the horizontal orientation if they were to take hold of the object in a vertical orientation and were to rotate it as hard and fast as possible. Here, participants again attempt to prospectively perceive an action-relevant property through limited exploration.
By relating these instructions to the mechanics, we can see how both M and I are implicated. From Equation 4, when a fixed 3 To preempt, this possibility is addressed and ruled out in the movement analysis presented later. muscular torque is applied (comparable to the situation of a participant rotating the object as hard as possible at the limit of his or her action capabilities), the acceleration of the object (and therefore the speed when the object reaches the horizontal) is dependent upon both M and I. Accordingly, we hypothesized that both M and I would be implicated in combination. On the basis of the results of Experiment 2 we predicted that reliance on M would again be conditional upon exploring the objects in a nonvertical orientation.
On the basis of consideration of the consequences of changing in Equation 4, we originally hypothesized (see Experiment 1) that the implication of I would be affected by orientation of exploration. Specifically, given the change in relative contribution of I and M to N m over changes in orientation, we originally predicted that I would be most salient in the vertical orientation. Following the apparent independence of N i and N g observed in Experiment 1, we alternatively hypothesized that N i and N g would make independent contributions to N m , and as such the implication of I (part of N i ) may in fact be found to be independent of (part of N g ).
Method
Participants. Twelve University of Connecticut students were recruited for Experiment 3. A group of 6 participants were assigned to wield objects from Set 1; the other participants wielded objects from Set 2. Participant recruitment again mirrored that of Experiment 1. Average grip strength was 50.1 newtons (SD ϭ 8.3).
Apparatus and stimuli. See Experiment 1. Procedure. Participants were instructed to rate how fast an object could be rotated past the horizontal orientation if they were to take hold of the object in a vertical orientation and were to rotate it as hard and fast as possible in a single movement. All procedures followed the protocol outlined for Experiments 1 and 2. To recap the paradigm, we did not allow participants to physically experience the full range of motion between the vertical and horizontal orientations. More specifically, they were asked to estimate how fast the object could be moved past the horizontal on the basis of the exploration of the objects in a limited range around one of three orientations (VO, DO, and HO).
Results and Discussion
Ratings of how fast an object can be rotated past the horizontal. Two repeated-measures ANOVAs were performed on the ratings from the two groups assigned to wield objects from either Set 1 or Set 2. A 3 (orientation) ϫ 5 (object) ANOVA for the Set 1 group showed that variation in M, F(4, 20) ϭ 8.65, p Ͻ .001, p 2 ϭ .63, and the orientation of exploration, F(2, 10) ϭ 10.78, p Ͻ .001, p 2 ϭ .68, had significant effects. The effects of orientation and object interacted, F(8, 40) ϭ 5.89, p Ͻ .001, p 2 ϭ .54. A post hoc pairwise test with a Bonferroni correction for multiple comparisons revealed that ratings for the VO differed from those for the HO ( p Ͻ .05), whereas DO was not significantly different from either HO or VO (see Figure 4 , left panel). As was expected, this pattern of interaction approximates that of Experiment 2, supporting the hypothesis of a shared informational basis for the tasks of rating of how difficult to hold and how fast can you move. Consistent with our earlier interpretation that M is more difficult to detect around the vertical, a simple effect of object was observed in the horizontal orientation, F(4, 20) ϭ 10.28, p Ͻ .001, and the diagonal orientation, F(4, 20) ϭ 8.95, p Ͻ .001, but was not observed in the vertical orientation, F(4, 20) ϭ 1.99, p ϭ .13. These results also further reinforced the conclusion that the implication of M in dynamic touch-based judgments depends on exploring objects in nonvertical orientations.
Although the strong similarities in the patterns of interaction involving variation in M over Experiments 2 and 3 suggest a common informational basis, a visual comparison of Figure 3 and the left panel of Figure 4 reveals distinct functions, indicating a clear effect of the intention to perceive a particular action-relevant property.
A second 3 (orientation) ϫ 5 (object) ANOVA for the Set 2 group showed that variation in I, F(4, 20) ϭ 13.62, p Ͻ .001, p 2 ϭ .73, and the orientation of exploration, F(2, 10) ϭ 18.73, p Ͻ .001, p 2 ϭ .79, had significant effects. This supported our hypothesis that M and I would be co-implicated in ratings. A post hoc pairwise comparison with a Bonferroni correction for multiple comparisons revealed that although ratings in each of the orientations of exploration differed from one another ( p Ͻ .05; see Figure 4 , right panel), the effects of orientation and object interacted, F(8, 40) ϭ 4.03, p Ͻ .001, p 2 ϭ .45. Contrary to the hypothesis that the implication of I would be independent of orientation of exploration, a strong and systematic effect was observed. Contrasting the results for the Set 1 group, a simple effect of object was observed in the VO condition, F(4, 20) ϭ 4.37, p Ͻ .05, and the DO condition, F(4, 20) ϭ 9.76, p Ͻ .001, but was not observed in the HO condition, F(4, 20) ϭ 2.52, p ϭ .073.
Part of the effect of orientation in the Set 2 group may be accounted for if we assume (quite reasonably) the co-implication of both M and I in ratings. Given this assumption, the observed main effect of orientation for Set 2 may be due to the fixed contribution of M over the object set (see Table 1 ), and the established orientation specific dependence of M. This conjecture is reinforced by the sameness of results apparent in the effect of orientation for Set 1 and Set 2. Whereas this may explain the main effect of orientation, it does not account for the observed interaction effect. Consequently, it would seem to be the case that the implication of I in this experiment depends upon orientation as was originally hypothesized in Experiment 1 (and motivated on the basis of interpretation of Equation 4). 
Exploratory accelerations.
To investigate the possibility of other contributing factors, an analysis of the recorded exploratory movements was performed. In reference to Equation 1, the most obvious candidate for investigation was taken to be angular acceleration (a). To evaluate the degree to which objects were accelerated in each exploratory episode, we recorded accelerations throughout the trial and averaged them to provide a value of mean absolute acceleration (|a|) for each trial. A 3 (orientation) ϫ 5 (object) ANOVA on recorded |a| values for the test object exploration in the Set 2 group showed that variation in I, F(4, 20) ϭ 11.35, p Ͻ .001, p 2 ϭ .69, and the orientation of exploration, F(2, 10) ϭ 14.58, p Ͻ .001, p 2 ϭ .75, had significant effects (see Figure 5) . A post hoc pairwise test with a Bonferroni correction for multiple comparisons revealed that accelerations in the VO and HO significantly differed ( p Ͻ .05). All other comparisons were not significant.
We hypothesized that the effect of orientation on acceleration may have been due to the increased physical demands (work required) in the experiment when objects were explored away from a vertical orientation. To investigate this possibility, we looked to see whether individual differences in the capacity to do work affected exploration. A simple regression revealed that changes in wielding acceleration could be accounted for by differences in the recorded grip strength of each participant (r 2 ϭ .58, p Ͻ .05). This suggested that exploratory wielding accelerations were influenced by individual differences in the capacity for generating neuromuscular torque, and that the change in physical demands of wielding with orientation is likely to have affected some participants.
Motivated by this finding, that participant ratings were affected by a requirement for "appropriately" accelerating the objects, in Experiment 4 we set out to directly manipulate exploratory accelerations. Given Equation 1, angular acceleration should affect both the contribution of N i to N m and the contribution of N g to N m .
Experiment 4: Does the Manner of Wielding Affect the Haptic Perception of How Fast an Object Can Be
Moved?
To explicitly test the effect of magnitude of exploratory accelerations upon ratings of how fast an object can be moved, we directly manipulated wielding speed in Experiment 4. Although previous research has suggested that the implication of I is unaffected by wielding speed (Solomon & Turvey, 1988) , interpretation of this result is complicated by the covariation of M and I in the stimulus sets used. The independent contribution of M and I was considered in the present experiment. We hypothesized that the changes in exploratory accelerations incurred by the manipulation of wielding speed would affect judgments of how fast the wielded objects could be moved. Specifically, we predicted that increase in wielding acceleration would (a) increase the signalnoise ratio of N i to N m and therefore affect the implication of I in judgments and (b) decrease the signal-noise ratio of N g to N m and therefore affect the implication of M in judgments. Because wielding speed was controlled, movement recording was not performed.
Method
Participants. Ten participants were recruited for Experiment 4. A group of 5 participants was assigned to wield objects from Set 1, and the remaining 5 participants wielded objects from Set 2. Each participant was selected on the basis of physical strength as assessed through a measure of grip strength obtained by a handheld dynamometer. Physically strong graduate students and faculty were recruited to minimize possible fatigue effects. Average grip strength was 55 newtons (SD ϭ 7.3).
Apparatus and stimuli. See Experiment 1. Procedure. As in Experiment 3, participants were instructed to rate how fast an object could be rotated past the horizontal orientation if they were to take hold of the object in a vertical orientation and were to rotate it as hard and fast as possible. As in Experiments 1-3, participants were again restricted by instruction to explore in horizontal, diagonal, or vertical orientations. Exploratory accelerations were manipulated through the use of a digital metronome-pacing exploration. Participants were instructed to move the object to the upper and then the lower boundary of a particular orientation on successive beats. In the slow wielding speed condition, exploration was paced at 60 beats per minute (bpm; oscillation frequency of 0.5 Hz). In the fast wielding condition, movement was paced at 120 bpm (oscillation frequency of 1 Hz).
Results and Discussion
Ratings of how fast an object can be rotated past the horizontal. Two repeated-measures ANOVAs were performed on the ratings from the two groups assigned to wield objects from either Set 1 or Set 2.
A 2 (speed) ϫ 3 (orientation) ϫ 5 (object) ANOVA for the Set 1 group again revealed that variation in M, F(4, 16) ϭ 22.80, p Ͻ .001, p 2 ϭ .86, and orientation of exploration, F(2, 8) ϭ 81.75, p Ͻ .001, p 2 ϭ .95, had significant effects. A post hoc pairwise test with a Bonferroni correction for multiple comparisons revealed that ratings for the VO differed from those for the HO and DO ( p Ͻ .05), whereas DO and HO were not significantly different. The effects of orientation and object interacted, F(8, 32) ϭ 9.95, p Ͻ .001, p 2 ϭ .71. Wielding speed systematically affected ratings (see Figure 6 ). The main effect of speed was significant, F(1, 4) ϭ 7.88, p Ͻ .05, p 2 ϭ .66. Faster wielding speeds were found to be associated with lower ratings of how fast each object could be moved (fast ϭ 114.6; slow ϭ 129.5). The effects of speed and object interacted, F(4, 16) ϭ 8.88, p Ͻ .001, p 2 ϭ .69. This interaction suggests that as wielding speed increased, the degree to which objects were differentiated on the basis of variation in M decreased. This interaction reveals that the implication of M was affected by the manipulation of speed and that it was affected in a way that was independent of the affect of the manipulation of speed upon the implication of I. A significant three-way interaction among speed, orientation, and object was also observed, F(8, 32) ϭ 2.44, p Ͻ .05, p 2 ϭ .37, suggesting that as wielding speed decreased, ratings made for vertically oriented objects were affected by changes in M to a greater degree (see Figure 6) .
A second 2 (speed) ϫ 3 (orientation) ϫ 5 (object) ANOVA for the Set 2 group showed that variation in I, F(4, 16) ϭ 12.72, p Ͻ .001, p 2 ϭ .76, and the orientation of exploration, F(2, 8) ϭ 10.72, p Ͻ .001, p 2 ϭ .73, had significant effects. Again, the effects of orientation and object interacted, F(8, 32) ϭ 2.37, p Ͻ .05, p 2 ϭ .37. No main effect of speed was observed. The effects of speed and I interacted, F(4, 16) ϭ 5.51, p Ͻ .01, p 2 ϭ .58. Contrary to the results for Set 1, as wielding speed increased, the degree to which objects were differentiated on the basis of changes in I increased rather than decreased (see Figure 6 ). The effects of orientation and speed interacted, F(2, 8) ϭ 12.70, p Ͻ .01, p 2 ϭ .76, and a marginal three-way interaction of speed, orientation of exploration, and object I, F(8, 32) ϭ 2.15, p ϭ .06, p 2 ϭ .35, was observed.
Consistent with the results of Experiment 3, these results suggest that both I and M are co-implicated in ratings of how fast an object can be rotated. As was hypothesized, the implication of I and M were found to be mediated by the exploratory accelerations of the participants. This effect is most dramatic for judgments made in the vertical orientation. In the vertical orientation, ratings were constrained by I when objects were being moved quickly, and constrained by M when moved slowly. This suggests that when objects are accelerated, I is more salient, and M is less salient.
Cross analysis: Are exploratory wielding motions specific to intention? In Experiments 2-4 the exploratory movements of participants appeared to be constrained by the informational basis of the action-relevant property that they intended to perceive. To the extent that exploratory movements serve the purpose of making the appropriate invariant or combination of invariants "accessible," we may be in a position to better understand the relationship between the kinematics of exploration and the intention to perceive a particular action-relevant property. To this end, we compared exploratory movements of the objects from Set 1 (variation in M) under the intention to rate either how hold-able an object would be if held horizontally (Experiment 2) or how fast an object could be rotated past the horizontal (Experiment 3).
Are exploratory accelerations dependent upon intention to perceive particular action-relevant properties? A 2 (intention) ϫ 3 (orientation) ϫ 5 (object) mixed-design ANOVA was performed with intention ("how hold-able?" or "how fast?") as a between-groups factor and orientation of exploration and object M as within-group factors. Absolute acceleration was the dependent variable. As might be intuitively predicted, exploratory accelerations were found to be greater for the intention to perceive how fast an object could be rotated, F(1, 12) ϭ 21.86, p Ͻ .001. Orientation of exploration, F(2, 24) ϭ 20.31, p Ͻ .001, p 2 ϭ .63, was also found to have a significant effect. Most interestingly, a strong interaction between orientation and intention was observed, F(2, 24) ϭ 12.55, p Ͻ .001, p 2 ϭ .51 (see Figure 7) . We claim that this interaction supports the conclusion that exploratory movements are specific to a particular intention. Given the intention to perceive how fast an object could be rotated, participants were found to increase object acceleration (suggesting exploration specific to I) in the vertical orientation. Comparably, no corresponding increase in exploratory accelerations was observed, given the intention to perceive how hold-able.
Is the orientation of exploratory wielding dependent upon intention? A second 2 (intention) ϫ 3 (orientation) ϫ 5 (object) mixed-design ANOVA was performed with intention ("how holdable?" or "how fast?") as a between-groups factor and orientation of exploration and object M as within-group factors. Mean recorded angle (M) normalized to starting orientation (e.g., 0, 45, Figure 7 . Absolute acceleration of exploratory movements for objects wielded from Set 1 as a function of intention to rate how difficult to hold or how fast can object be moved. VO ϭ vertical orientations; DO ϭ diagonal orientations; HO ϭ horizontal orientations. Figure 8 reveals the source of this interaction. Looking at the vertical orientation, the exploration of the test objects differs as a function of intention. Given the intention to rate how hold-able, participants biased their exploration away from the vertical in both the VO condition (M ϭ Ϫ2.5°) and the DO condition (M ϭ Ϫ3.7°). This is consistent with the assumption that M is most useful for assessing holdability, but only if accessed through exploration around a nonvertical orientation. In contrast, for the task of "how fast," the probability distribution of exploration is closer to symmetrical around the vertical, in the VO condition (M ϭ Ϫ0.75°) and the DO condition (M ϭ 0.68°). These differences may be due to the possibility that less severe orientation-dependent detection problems are associated with I in vertically oriented exploration.
General Discussion

Mechanical Constraints on the Informational Basis of Dynamic Touch
For each of the three tasks investigated over the four experiments conducted, we evaluated the general claim that haptic perception of action-relevant properties of tools is constrained by the mechanics of the body-tool system. Consistent with this claim, ratings of how difficult to move were found to depend on the physical property of gravitational torque (N g ); ratings of how difficult to hold were concluded to be constrained by the first moment of mass distribution (M); and judgments of how fast objects could be rotated were found to depend upon the first and second moments of mass distribution (M and I, respectively). In each case, judgments were constrained by quantities of a simple physical model of the investigated hand-object system outlined in Equation 4. These findings are consistent with Kingma et al.'s (2002) conclusion that when the moments of mass distribution are independently controlled in experimental stimuli, then the mechanical invariant M plays an important role in dynamic touch.
The results of Experiments 2-4 were found to support additional hypotheses motivated by Kingma and colleagues' account of the mechanical constraints on dynamic touch (Kingma et al., 2002 (Kingma et al., , 2004 van de Langenberg et al., 2006) . This account predicts that the implication of either M or I depends upon the respective contributions (signal-noise ratios) of N g and N i to N m in a particular mechanical context (i.e., specific values for and ␣). Consistent with this account, Experiments 2-4 revealed that the implication of M and I depended on and ␣, and did so in a manner predictable on the basis of a simple model of the mechanics given in Equation 4. These conclusions are consistent with an early conjecture by Solomon and Turvey (1988) , with which they suggested that attunement to mechanical invariants of the body-tool system over major physical transformations may be the defining property of the haptic perceptual subsystem of dynamic touch.
For Gibson (1979) , information is construed as a formless invariant under the transformation of a stimulus array. Information in the case of the haptic perceptual subsystem of dynamic touch has consequently been taken to be an invariant structure in the haptic array (Kugler & Turvey, 1987; Turvey, Solomon, & Burton, 1989) , a structure made manifest over transforming patterns of stresses and strains. It is consequently only in the presence of appropriate transformations that a particular haptic invariant can be picked up. Presently, we have found that both invariants (M and I) and major physical transformations (␣ and ) of the mechanics are implicated in the search for the informational basis of dynamic touch. We believe that this suggests that both the informational basis of haptic perceptual invariants and the transformations of the haptic array over which such invariants are made manifest are each lawfully constrained by the mechanics of the system.
Although the above framework is consistent with both the results and conclusions drawn from Experiments 2-4, it is unclear Figure 8 . Probability plots capturing the orientation of exploratory movements for both the standard and test objects taken from object Set 1. Each bar in a distribution captures the proportion of time spent exploring in a particular orientation over all trials in a given condition. Distributions are shown for exploratory movements given the intention to rate either how difficult to hold each object would be if held horizontally (left) or how fast each object could be moved (right). VO ϭ vertical orientations; DO ϭ diagonal orientations; HO ϭ horizontal orientations.
how it could accommodate the apparent implication of N g observed in Experiment 1. As Lederman et al. (1996) pointed out, it is not apparent what the physical transformation would be under which N g is invariant.
4 Given the apparent independence of N g and N i in participants' judgments, it is uncertain how participants' responses in Experiment 1 could be predicted by Equation 4. At present the potential implications of these results for future models would appear to be either that (a) an alternative formulation of the mechanics constraining dynamic touch needs to be found, or that (b) the mechanics depend upon the intention to perceive a particular property. Although the theoretical framing for this result is ambiguous, it is nevertheless apparent that the observed independence of N g from N i may be pointing the way to a basic organizing principle of the haptic array.
Exploratory Movements and the Informational Basis of Dynamic Touch
Investigations of haptic exploration of hand-held objects have led to the identification of distinct classes of exploratory procedures used by participants in order to perceive different classes of object properties (Klatzky & Lederman, 1992; Lederman & Klatzky, 1993) . In the case of dynamic touch, analyses of minimally constrained wielding motions have revealed that the complex exploratory patterns are constrained by the intention to perceive a particular action-relevant property (Michaels et al., 2007) . Consistent with this finding, in the present experiments the intention to perceive a particular action-relevant property was found to systematically constrain exploratory action. Given the intention to perceive how difficult to hold an object would be if held horizontally, rotational acceleration of exploratory movements was consistently low and the distributions of exploration angles were systematically biased so as to be away from the vertical orientation (see Figures 7 and 8) . In contrast, for participants given the intention to perceive how fast an object could be rotated, rotational accelerations were comparatively high, and the distributions of exploration angles were comparably unbiased by orientation of exploration. These results compliment the findings of similar investigations (Michaels et al., 2007; Riley et al., 2002) in supporting the hypothesis that the information specifying a particular action-relevant or object property is exploited by distinct types of exploratory movements (Turvey, 1988 (Turvey, , 2007 Turvey, Carello, & Kim, 1990) , or put more simply, that exploration is specific to intention.
A more detailed comparison of wielding movements within each of the three considered wielding orientations led us to further conclusions: namely, that exploration is also constrained by the mechanical invariants implicated in a given task. For the task of perceiving how fast an object could be rotated (in which both M and I were implicated), exploratory accelerations (the transformation that increases the salience of I) were exaggerated in the orientation of exploration in which the salience of M was lowest. In contrast, no such patterning of exploratory accelerations was evident for the task of perceiving how difficult to hold (a task in which M alone is implicated). This suggests that the dynamics of the exploratory procedures assembled in the service of dynamic touch (i.e., exploratory actions) are grounded in the informational basis of the to-be-perceived property.
Worthy of note at this point is that a simple measure of the hands' capacity for grasping was found to predict how participant's exploratory accelerations were biased by the orientation of exploration. Situated in an account of haptic perceptual invariants and transformations, it is evident that individual differences in work capacity (corresponding to some dimension of wielders' "effectivities") may have direct implications for the potential transformations that can be performed, and as a result the potential informational support for dynamic touch.
An Affordance-Based Theory of Dynamic Touch
The emphasis of the present series of experiments was upon uncovering the informational basis of the action-relevant properties of tools. From an affordance-based perspective, properties of the organism-environment system relevant to the control of action (affordance properties) are hypothesized to be specified by information (Gibson, 1979; Michaels & Carello, 1981; Turvey et al., 1981) . Attempts to develop an affordance-based theory of dynamic touch have motivated a methodological commitment in which it is assumed that the mapping between affordance properties and specifying information is a single valued function (Carello, 2004; Carello & Turvey, 2000) .
One of the more surprising results obtained from this investigation was that, contrary to our predictions, judgments of object move-ability were not found to be perceived as an invariant property, as was indicated by previous research (Shockley et al., 2004) . In contrast, ratings of move-ability were found to be more readily equated with the task of perceiving how difficult to move an object would be in the local context of exploration. Whereas Shockley et al. (2004) found move-ability to be specified by a specific combination of mechanical invariants (m, S, and V), move-ability was presently found to be specified by the mechanical property that varied as a function of orientation with respect to the gravitational vertical (N g ).
For terrestrial organisms, the potential for performing an action depends upon the body's orientation with respect to the gravitational vertical. Moreover, the ability to take advantage of the forces for free generated by the body moving through a gravitational force field has been taken to be a basic principle of motor learning (Bernstein, 1996) . It should come as no surprise that humans and animals would have a capacity for perceiving those possibilities for action that depend upon gravity and, moreover, that orientation-dependent affordances might be expected to play a part in an affordance-based theory of dynamic touch. The task in Experiment 1 of rating "how locally difficult to move an object is" is a basic example of this. In this experiment, participants' ratings of the move-ability explicitly depended upon orientation with respect to the potential field of gravity.
Of consequence to the development of the current affordancebased account of dynamic touch is the apparent loss of the hypothesized 1-to-1 mapping (single-valued function) between affor-dance properties and specifying information. Instead, there is a 1-to-many mapping between move-ability (the candidate affordance property) and the information specifying that property. We suggest that the term move-ability is not a "legitimate" affordance property, in as far as it fails to unambiguously specify an actionrelevant property. Experiments 2-4 were motivated by the need to reduce the apparent ambiguity of the term move-ability. In these experiments, move-ability was recast in Experiment 2 as "how difficult to hold horizontally" and in Experiment 3 as "how fast can the object be rotated past the horizontal using a specified style of movement."
5 Each of these instructions continues to refer to an objects "move-ability," but does so in a way that more adequately specifies a performable action.
The modification of instructions in Experiments 2-4 is consistent with ecological theorizing regarding the characterization of an intentional act (Shaw, Kadar, & Kinella-Shaw, 1994; Shaw & Kinsella-Shaw, 1988; Shaw, Flascher, & Kadar, 1995) . For Shaw and colleagues an affordance is a property of the environment that supports a goal-directed act. They suggest that goal-directed actions performed at the ecological terrestrial scale are minimally captured through the specification of target and manner parameters. The target parameter captures an environmental target (in Experiments 3 and 4, the horizontal orientation); whereas, the manner parameter defines the kinetics of the action (holding still in Experiment 3 and moving as hard and fast as possible in Experiment 4). From this perspective, the intention to perform a goaldirected act selects target and manner parameters that constrain the information specifying the control of action. In turn, this specific information selects an affordance. The implications for an affordance-based theory of the perception of the action-relevant properties of tools are clear: This approach requires not only uncovering the informational basis of dynamic touch (although quite evidently, this is an enterprise unto itself), but also requires correctly identifying and instantiating in the perceiver the intention to perceive a property of the body-tool system relevant to the control of action (an affordance property).
Investigations into the informational basis of heaviness have resulted in apparent contradictions. Whereas some studies have implicated the second moment of mass distribution in judgments of heaviness (e.g., Turvey et al., 1999) , more recent studies have implicated the first moment (e.g., Kingma et al., 2004) . There would appear to be two potential issues that might shed light on these findings. First, the inconsistent application of the method of independent variation of all mechanical invariants across these studies makes it difficult to draw reliable conclusions. Second, resolving the apparent disparity may only be possible after appropriately characterizing the findings in the context of an affordancebased theory of haptic perception. With regard to the second point, if one allows the assumption that the task of perceiving heaviness instantiates an underspecified intention to perceive a particular action-relevant property, then it becomes clear how these previously contradictory results might be reconciled in a single account. In the case of Kingma et al. (2004) , heaviness could be standing proxy for the action-relevant property of how difficult to hold (i.e., Experiment 2), whereas in the case of Turvey et al. (1999) , context-specific experimental design differences could have resulted in heaviness standing proxy for an action-relevant property specified by qualities of the second moment of mass distribution (as in Experiment 3). Future investigations of dynamic touch will benefit from both a careful consideration of the affordances investigated and from adoption of methods of independently varying the mechanical properties of the stimuli.
